Diagnostic methods for parasite infections still highly depend on the identification of the parasites by direct methods such as microscopic examination of blood, stool and tissue biopsies. Serodiagnosis is often carried out to complement the direct methods, however few synthetic antigens with sufficient sensitivity and specificity are available. Here we evaluated a glycan microarray approach to select for synthetic glycan antigens that could be used for serodiagnosis of parasitic infections. Using a glycan array containing over 250 different glycan antigens, we identified GalNAcβ1-4(Fucα1-3)GlcNAc-R (LDNF) as a glycan antigen that is recognized by antibodies from Trichinella-infected individuals. We synthesized a neoglycoconjugate, consisting of 5 LDNF molecules covalently coupled to bovine serum albumin (BSA), and used this neoglycoconjugate as an antigen to develop a highly sensitive total-Ig ELISA for serological screening of trichinellosis. The results indicate that glycan microarrays constitute a promising technology for fast and specific identification of parasite glycan antigens to improve serodiagnosis of different parasitic infections, either using an ELISA format, or parasite-specific glycan-arrays.
Introduction
Infections with parasites cause worldwide suffering and death, particularly in developing countries. Diagnostic methods for some of these infections still highly depend on the identification of the parasites by direct methods such as microscopic examination of blood, stool and tissue biopsies (Gillespie, 2007) . Although these approaches can result in a specific diagnosis, the sensitivity is generally low. Serodiagnosis could be used to complement the direct methods. However, preparation of the parasite antigens is often complicated which can compromise reproducibility of the results. Improving serodiagnosis using new technology is required.
Here we evaluated the potential use of parasite glycan antigens for serodiagnosis of parasitic infections. Glycans, linked to proteins and lipids, are abundantly present on the surface and in the excretory/secretory products of parasites, and humoral immune responses to glycan antigens are a dominant feature of parasite infections, as illustrated by studies of helminth infections in mice, humans and primates (Van Remoortere et al., 2001; Eberl et al., 2001; Van Remoortere et al., 2003; Nyame et al., 2003; Schabussova et al., 2007) .
To select for helminth glycan antigens that have serodiagnostic potential, we used an approach based on glycan microarray technology. A glycan microarray comprises a library of synthetic or natural glycan molecules that are covalently linked to a solid support such as glass slides (Blixt, O., et al, 2004; Song et al., 2009; Lonardi et al., 2010) . The most common application of glycan array technology is analyzing the binding specificity of lectins and antibodies. Such glycan microarrays have been already used to analyze the antibody response to pathogens, such as Schistosoma and Salmonella (De Boer et al., 2008; Blixt et al., 2008) . The application of this technology could lead to novel glycan-based diagnostic tools for the serodiagnosis of parasitic infections.
A common parasitic infection which direct diagnosis is aided by serology is trichinellosis. This is a food borne zoonotic disease caused by nematodes of the genus Trichinella. Human infection occurs due to the ingestion of raw or inadequately cooked meat containing parasite larvae, mostly of T. spiralis species (Gottstein et al., 2009 ). The disease in humans can range from asymptomatic infection to a fatal disease, depending on the number of larvae ingested and the host immune status. According to reports from 55 countries worldwide, the yearly total number of trichinellosis cases is estimated to be 10,000, with a mortality rate of 0.2% (Despommier D. et al., 2005) .
The direct detection of muscle-stage larvae in muscle biopsies etiologically proves the diagnosis. The disadvantage of this method is that it requires surgical intervention and that the sensitivity of the diagnosis depends on the parasite load and the amount of muscle sample tested (Gottstein et al., 2009) . In addition to the clinical history and results from the biopsy, serology by ELISA is used for the detection of specific anti-Trichinella antibodies in human sera. Most ELISA assays are based on the use of excretory/secretory (ES) products from the T. spiralis muscle larvae (Gottstein et al., 2009) . The use of the ES antigen, however, has serious disadvantages since the preparation of this antigen is laborious and requires the use of laboratory animals. Furthermore, micro-environmental factors during culture of the animal-derived larvae may affect antigen quality (Bolas-Fernandez et al., 2009) , resulting in standardization problems. Replacement of the ES antigen by synthetic antigens with sufficient sensitivity and specificity could solve these problems.
Our studies clearly show that specific parasite glycan antigens can be identified by glycan array analysis of minute amounts of serum from infected individuals. In addition, we showed that an ELISA assay based on neoglycoconjugates carrying the GalNAcβ1-4(Fucα1-3)GlcNAc (LDNF) glycan antigen has a high sensitivity for serodiagnosis of trichinellosis, indicating the potential value of glycan microarray technology for diagnosis of parasite infections.
Material and methods

Human sera
A total of 29 Trichinella positive serum samples were tested. Seven of these sera were from the diagnostic laboratory at the RIVM, 12 were from an outbreak in Turkey (2004) that was confirmed to be caused by Trichinella britovi (Akkoc et al., 2009) and 10 were from an outbreak in Poland (1991) caused by T. spiralis (Pinelli et al., 2001 ). The sera were tested both in a total Ig Trichinella-ELISA using ES antigen and confirmed with a Trichinellaimmunoblot as previously described (Pinelli et al., 2001 ). In addition, 90 serum samples from patients that were serologically positive to the following infections were used: ascariasis, leishmaniasis, toxocariasis, echinococcosis, cysticercosis, amoebiasis, toxoplasmosis, borreliosis, and syphilis. Ten positive sera from patients with schistosomiasis and 10 from strongyloidiasis were kindly provided by Dr. J. Van Hellemond from the Rotterdam Harbour Hospital/Erasmus MC, the Netherlands. Ten serum samples from healthy blood donors with no known history of parasitic infection were also used.
Preparation of Trichinella spiralis ES and crude antigen
Preparation of the ES antigen was performed as previously described by Gamble (Gamble, 1985) . Briefly, 5 to 7 weeks old male Wistar rats obtained from Harlan-Netherlands were orally infected with 3,000 T. spiralis muscle larvae that were recovered by acid-pepsin digestion from chronically infected mice. After 42 days of infection, T. spiralis muscle larvae were recovered from infected rats by acid-pepsin digestion, washed and incubated at a concentration of 10 5 larvae per ml, for 19 h at 37°C in 5% CO 2 in RPMI medium supplemented with 1% penicillin/ streptomycin. After incubation, the medium was centrifuged and the supernatant containing the ES antigen was dialyzed and concentrated. The protein concentration was determined by the BCA protein assay (Pierce, Rockford, IL, USA). T. spiralis crude antigen was prepared from muscle larvae, in 100mM Tris HCl (pH=8), essentially as described by DeBose-Boyd et al (DeBose-Boyd et al., 1998) .
Glycan array
Glycan array screening was performed at Core H of the Consortium for Functional Glycomics (CFG), Emory University School of Medicine, Atlanta, USA). The glycan array is a microarray containing a library of natural and synthetic glycans with amino linkers printed onto NHS-derivatized glass slides to form a covalent amide linkage. Printed array Version 2.1 containing glycan structures with the CFG numbers # 1-264 was used. The procedure for testing the glycan array as well as all glycan structures used and their corresponding CFG numbers are available at the website of the CFG (http:// www.functionalglycomics.org/fg/). Glycan-array slides were incubated with human serum (1:100 dilution) derived from parasite-infected or healthy blood donors as indicated, and subsequently with Alexa labeled mouse anti-human IgG secondary antibodies in phosphate buffered saline (PBS) containing 0.5% Tween-20. The samples (100 μl) were applied directly onto the surface of a single slide, covered with a microscope cover slip and incubated in a humidified chamber for 60 min. Slides were subsequently washed by successive rinses in (i) PBS-0.05% Tween, (ii) PBS, and (iii) deionized water, and immediately subjected to imaging. Fluorescence intensities were detected by using a ScanArray 5000 (PerkinElmer) confocal scanner. Image analyses were carried out using IMAGENE image analysis software (BioDiscovery, El Segundo, CA). No background subtractions were performed. Data were plotted by using Microsoft EXCEL software.
Synthesis of neoglycoconjugates
Neoglycoconjugates presenting LDNF, GalNAcβ1-4GlcNAc (LDN) or N,N',N"-diacetylchitotriose (chitotriose, chi-3, Sigma) were synthesized essentially as described in Tefsen et al, 2009 (Tefsen et al., 2009 ). In short, N,N'-diacetylchitobiose (chitobiose, chi-2, Sigma) or chitotriose was derivatized with 2,6-diaminopyridine (DAP, Sigma) in DMSO (Sigma), Acetic acid (Sigma) and NaCNBH 3 (Sigma) and purified on a preparative Zorbax NH 2 PrepHT column (250 × 21.2 mm, 7 μm, Agilent) using a gradient with acetonitrile (Sigma) and 50 mM ammonium formate, pH 4.4 (Sigma) with a column flow of 10 ml. Chi-2-DAP was converted to LDN-DAP using the recombinant enzyme β1,4-GalNAcT from Caenorhabditis elegans (Kawar et al., 2002) , and LDN-DAP subsequently was converted to LDNF-DAP using the fusion protein ProtA-FucT-VI as enzyme source (Jost et al., 2005) . All DAP-derivatized glycans were purified by Sep-Pak C 18 reverse-phase chromatography (Palcic et al., 1988) and dried in a speedvac for subsequent conjugation to BSA. The DAP-derivatized glycans were activated with 3,4-Diethoxy-3-cyclobutene-1,2-dione, (98%, di-ethylsquarate, Sigma Aldrich) in ethanol and coupled to BSA (Sigma) dissolved in conjugation buffer (boric acid (Gibco) and KCl (Fluka); the pH was adjusted with KOH (Merck). By varying the glycan to protein ratio, the amount of glycan antigens coupled to BSA was regulated, resulting in neoglycoconjugates carrying different amounts of LDNF antigen (LDNF2 and LDNF5). Samples were dialyzed in a Slide-A-Lyzer Dialysis Cassette with 10.000 MWCO (Thermo Scientific) against demi-H 2 O and neoglycoconjugates were dried in a speedvac and stored at −20°C. The molar ratio of glycans to carrier was analyzed in a 4800 MALDI-TOF/TOF Analyzer (Applied Biosystems) and was as follows: for chi-3-BSA 3.2:1, for LDN-BSA 4.5:1 and for LDNF-BSA 1.8:1 and 5.3:1, respectively.
ELISAs
Flat-bottomed, 96-well microtiter plates of medium binding (Nunc, Denmark) were coated with neoglycoconjugates at different concentrations in 0.1M Na 2 CO 3 , pH 9.6 for 1 h at 37°C. After washing, a blocking step was performed by adding BSA 1% for 1h at 37°C. The plates were then washed four times with (PBS), pH 7.2 containing 0.05% (v/v) Tween 20 (PBS/Tween). Serum samples were diluted at 1:10 in 1% BSA (Sigma, St.Louis, MO) in PBS/Tween and added to the wells. After incubation of 1 h at 37°C, the plates were washed and incubated with horseradish peroxidase (HRP)-conjugated to anti-human total-Ig (Sigma) in 4% BSA/PBS/Tween for 1 h at 37°C. The plates were washed again and the substrate containing H 2 O 2 (0.05%) and 5-amino-2-hydroxybenzoic acid was added and incubated for 1 h at 22°C. Afterwards, the optical densities (OD) were measured at 450 nm. A cut-off value was calculated as the average OD value from sera (diluted 1:10) from 10 healthy blood donors plus threefold the standard deviation. The OD of the tested serum was divided by the OD of the cut-off value to obtain a ratio. Results from the ELISA were considered positive (+) when the ratio was higher or equal to 1, and it was considered negative (−) when it was less than 1. The procedures for the Trichinella ES-ELISA and the Trichinella ESimmunoblot have been described previously (Pinelli et al., 2001) 
Results
Screening for glycan recognition by antibodies in sera from parasite infected individuals
To identify specific glycan antigens with potential use for serodiagnosis of trichinellosis, the sera of 5 Trichinella positive individuals were screened for antibodies recognizing specific oligosaccharides within a large library of glycan antigens, using the glycan-array facility of the CFG (http://www.functionalglycomics.org) (Blixt et al., 2004) . To enable selection of glycan antigens with specificity for serodiagnosis of trichinellosis, we additionally screened sera from 5 individuals serologically positive for echinococcosis and 5 for leishmaniasis as well as the sera from 2 healthy blood donors. Figure 1A shows the glycan-array profiles of 2 of these serum samples. IgG in sera of infected individuals and healthy blood donors recognized many different glycan antigens, but the types of glycans recognized differed between the infected versus uninfected individuals. To assess the specificity of glycan recognition in the sera of Trichinella positive individuals, we identified all glycan antigens that showed a high (> 10.000 RFU, relative fluorescence units) response in four out of five infection sera, and compared these values to the RFU's of all other sera to the same glycan antigens. This analysis showed that the sera of Trichinella positive individuals contain a relatively high level of serum IgG recognizing the glycan antigen LDNF (CFG #91), whereas sera from individuals positive for echinococcosis and leishmaniasis showed a low binding to this glycan antigen (Fig. 1B) . Several of the mannose-containing glycan antigens also showed a differential recognition pattern with the sera used in this study (Fig. 1B) . Multiple glycan antigens were inconsistently, or not recognized by any of the sera used here, such as the glycan antigen Galβ1-4(Fucα1-3)GlcNAc-R (Le X , CFG #135) (Fig. 1B) . In addition, we observed that several glycan antigens, for example CFG #156, strongly bound to antibodies in all sera, possibly representing a common glycan antigen.
Detection of LNDF in ES and crude larval antigen
The data from the glycan microarray showed that antibodies in sera from Trichinella infected patients recognized glycans containing LDNF, but not other glycan antigens such as Le X . To evaluate the presence of LDNF glycans on T. spiralis ES and/or muscle larvae crude antigen, an ELISA was performed using specific anti-glycan monoclonal antibodies. Anti-LDNF and anti-LDN antibodies recognized antigens in both T. spiralis ES and crude larval antigen (Figure 2) , indicating the presence of these glycan antigens within T. spiralis.
By contrast, the monoclonal antibody recognizing Le X , a dominant glycan antigen within schistosomes (Srivatsan et al., 1992) , did not recognize the T. spiralis antigens, whereas it recognized neoglycoconjugates carrying Le X (not shown) suggesting the lack of this glycan in T. spiralis.
Establishment of a sensitive ELISA method using LDNF-neoglycoconjugates
To design a suitable LDNF-neoglycoconjugate for serodiagnosis of trichinellosis, we first determined whether the number of LDNF in the neoglyconconjugate would affect the sensitivity of the total Ig-ELISA by using sera from confirmed Trichinella-infected patients.
LDNF glycan antigens were coupled to BSA at two different densities, resulting in BSA preparations carrying an average of 2 and 5 LDNF antigens per BSA molecule, LDNF2 and LDNF5, respectively. BSA and neoglycoconjugates (BSA-chitotriose (Chi), BSA-LDN (LDN) and BSA-LDNF (LDNF2 and LDNF5)) were used at concentrations of 5 and 10μg/ ml. The Trichinella-seropositive sera reacted strongly to LDNF5 coated at 5 and 10 μg/ml, whereas binding to LDNF2 was clearly lower (Figure 3) . By contrast, binding of the sera to neoglycoconjugates carrying control glycans (LDN, the precursor glycan of LDNF lacking the fucose moiety, and chitotriose) were below the cut-off value. LDNF5 at a working concentration of 5μg/ml was chosen to determine the sensitivity and specificity of this antigen for serodiagnosis of trichinellosis.
Sensitivity and specificity of the LDNF5 -ELISA
To determine the sensitivity of the LDNF5-ELISA, 29 serum samples from Trichinella positive patients were used. Trichinella infection was confirmed in these patients by positive biopsy in addition to conventional sero-diagnosis using Trichinella ES-ELISA and Trichinella ES-Immunoblot analysis. Results indicate that from the 29 Trichinella-positive sera tested, 28 sera were positive in the LDNF5-ELISA (Figure 4) indicating that the sensitivity of the LDNF5-ELISA is 96%.
To determine the specificity of the LDNF5-ELISA, sera from individuals that were established seropositive for ascariasis, leishmaniasis, toxocariasis, echinococcosis, cysticercosis, borreliosis, amoebiasis, schistosomiasis, strongyloidiasis, toxoplasmosis and syphilis were used. We determined the number of samples that reacted positively and negatively in the LDNF5-ELISA (Table 1) . From the 110 sera tested, 74 were found negative in the LDNF5-ELISA indicating a specificity of 67%. A positive reaction was mainly found in sera from individuals with cysticercosis and strongyloidiasis.
Discussion
The use of glycan antigens in serodiagnosis of helminth infections is an attractive approach and has been successfully applied for the detection of schistosomiasis, even in a fieldapplicable form as a dipstick (Van Dam et al., 2004; Midzi et al., 2009 ). In addition to schistosomes, many other helminths express glycan antigens on proteins and lipids at the surface of larvae, adult worms or in the ES products, which in principle could be applied in serodiagnostic approaches. To evaluate the potential of a glycan microarray approach to select for glycan antigens that could be used for serodiagnosis of parasitic infections we focussed on serodiagnosis of T. spiralis. Structural analysis of T. spiralis glycans showed the presence of unique tri-and tetraantennary N-glycans composed of LDNF (GalNAcβ1-4[Fucα1-3]GlcNAc-) antennae capped with β3-linked tyvelose moieties (Appleton and Romaris, 2001; Van Die and Cummings, 2010 ). An ELISA based on glycoconjugates containing terminal β-tyvelose-GalNAc-R for serodiagnosis of human trichinellosis showed a sensitivity ranging from 93 to 100 % Owen et al., 2001; Escalante et al., 2004) . However, the use of the β-tyvelose is limited since it is not commercially available and its synthesis is complex. The present study aimed at identifying additional glycan antigens recognized by antibodies from Trichinella-infected individuals that could replace the use of ES antigen in the serodiagnosis of trichinellosis.
To select for potential antigenic glycan antigens that are recognized by Trichinella infection sera, but not by sera of individuals infected with other parasites, we initially screened a glycan array containing over 250 different glycan antigens with a limited number of positive sera from trichinellosis, leishmaniasis and echinococcosis patients. We found that all Trichinella-positive sera recognized the LDNF glycan, in contrast to sera from individuals infected with other parasites or from healthy blood donors. To enable detection of anti-LDNF antibodies in sera of infected individuals we developed an LDNF-ELISA using a neoglycoconjugate, consisting of BSA containing LDNF antigen. The synthesis of this compound was recently described (Tefsen et al., 2009) . We showed that the number of LDNF molecules bound to the BSA is crucial for its recognition by antibodies from Trichinella-infected individuals. The coupling of an average of 5 LDNF moieties per BSA molecule resulted in a neoglycoconjugate which use in the ELISA resulted in a highly sensitive (96%) assay for the serodiagnosis of trichinellosis.
The specificity of the LDNF5 ELISA however was low (67%) which is not surprising since LDNF is present in different helminths. The presence of LDNF has been demonstrated in Schistosoma mansoni (not endemic in Europe), Dirofilaria immitis (heartworm of dogs), Haemonchus contortus (nematode of ruminants) and Fasciola hepatica (endemic in sheep in the Netherlands) (Van Die and Cummings, 2010) . In the LDNF5-ELISA, several sera from individuals with cysticercosis and strongyloidiasis showed significant binding, suggesting the presence of LDNF moieties in these helminth species. Surprisingly, only 3 out of 10 sera from established schistosome infections were found positive in the LDNF5-ELISA. LDNF moieties are abundantly observed in different stages of schistosomes (Nyame et al., 2000; Nyame et al., 2003) and the presence of anti-LDNF IgG and IgM has been demonstrated in schistosome infected humans, chimpanzees and mice (Van Remoortere et al., 2003; Nyame et al., 2003) . Whether factors such as the stage of Schistosoma infection, the parasite species and load may influence the results here reported, needs to be further investigated.
In this study, we show that the LDNF antigen is recognized by antibodies in sera from individuals infected with T. spiralis, and that LDNF5 is a suitable candidate to replace the ES antigen in a first screening for diagnosis of trichinellosis. Increasing the number of LDNF may lead to a further improvement of the sensitivity and/or specificity of the assay. The advantage of using LDNF neoglycoconjugates in a first screening is that enzymatic synthesis of this conjugate is a relatively easy and fast procedure that can be performed in every biochemical research facility.
Our data show that glycan microarrays constitute a promising technology for fast and specific analysis of anti-glycan antibodies in sera from individuals infected with different pathogens. It should be emphasised that the glycan microarray used in this study contains many glycan structures, but the microarray was not designed to present parasite-specific glycan structures. In serological assays which are based on the use of natural antigens, crossreactivity due to the presence of common glycan antigens is often observed (Aalberse et al., 1981; Wilson and Altmann, 1998; Van Die et al., 1999) . To improve the serodiagnosis of parasitic infections, the development of parasite-specific glycan microarrays would be an attractive approach. In such arrays the natural glycans of the parasites are isolated, fractionated and printed as glycan arrays, thus facilitating the identification of glycan antigens specific for one, or a restricted group of parasites by a shotgun glycomics approach (Song et al., 2011) . Such an approach is expected to result in the identification of glycan antigens which would allow both a sensitive and specific serodiagnosis of infections by a wide variety of different parasites. Recognition of glycan antigens in Trichinella by specific monoclonal antibodies in ELISA.
Anti-Le x (IgM, Calbiochem), anti-LDN (mAb SMLDN1.1) (Nyame et al., 1999) and anti-LDNF (mAb SMLDNF) (Nyame et al., 2000) antibodies were used for glycan recognition on crude antigen from T. spiralis muscle larvae (ML) and excretory/secretory (ES) antigen. Plot of the ratio distribution of the Trichinella-positive serum samples tested by the ES-ELISA and LDNF5-ELISA for the detection of total Ig. Ratio values equal or higher than 1 (line) are considered positive
